Abstract. Anaerobic enrichment cultures with 2,3-dihydroxybenzoate as sole source of energy and organic carbon yielded slow-growing cultures of fermenting bacteria. A culture derived from a marine inoculum, strain Pe23DHB, consisted of two morphotypes: spirilloid, highly motile bacteria (the predominant type), and very few long, rod-shaped bacteria. The culture was able to grow by decarboxylation of 2,3-dihydroxybenzoate to catechol. The decarboxylating activity was localized mainly in the cytosol; addition of avidin or of sodium salts had no effect on the decarboxylating activity in cell-free extracts. These results suggest that strain Pe23DHB did not conserve energy by a membrane-bound biotin-containing decarboxylase, creating a Na ϩ -gradient across the cytoplasmic membrane. The energy conservation mechanism remains unknown at present.
Anaerobic degradation of hydroxybenzoates has been studied in detail through recent years. Bacteria degrading 3-hydroxybenzoate in methanogenic cocultures were isolated [22] ; results of feeding experiments suggested that 3-hydroxybenzoate is degraded through benzoate after reductive dehydroxylation, and a similar pathway was proposed for nitrate-reducing bacteria, although the reduction reaction could never be shown in vitro [9] . 2-Hydroxybenzoate appears to enter the reductive benzoyl CoA pathway, retaining both functional groups until ring reduction [22] . Nitrate-reducing bacteria degrade 4-hydroxybenzoate by activation to 4-hydroxybenzoyl CoA and subsequent reductive dehydroxylation to benzoyl CoA [5] .
The dihydroxybenzoates ␤-resorcylate (2,4-dihydroxybenzoate) and ␥-resorcylate (2,6-dihydroxybenzoate) are degraded via decarboxylation to resorcinol [13, 21] . Only the third isomer, ␣-resorcylate (3,5-dihydroxybenzoate), is not decarboxylated; its degradation follows a separate, so far unknown pathway (Gallus and Schink, unpublished). Protocatechuate (3,4-dihydroxybenzoate) is degraded through activation to protocatechuyl-CoA and subsequent reductive dehydroxylation to benzoylCoA [6] , analogous to the pathway of gentisate (2,5-dihydroxybenzoate) degradation [7] . The often observed decarboxylation of protocatechuate to catechol [12, 14] is probably a side reaction catalyzed by an enzyme system that operates in its main function in catechol activation [6] .
Fermenting bacteria degrading 2,3-dihydroxybenzoate in methanogenic cocultures were first enriched by Tschech (unpublished) but were not investigated any further. In the present study, bacteria were enriched from marine sediments and sewage sludge with 2,3-dihydroxybenzoate in order to investigate the pathway of fermentative 2,3-dihydroxybenzoate degradation.
Materials and Methods
Sources of organisms. The enrichment cultures were inoculated with either anoxic, reduced marine sediments from channels in Venice, Italy, or anoxic sewage sludge from the municipal sewage plant in Konstanz, Germany.
Media and cultivation conditions. The medium for enrichment and cultivation was prepared as previously described [17, 23] [20] , and a mixture of seven vitamins [15] . 2,3-Dihydroxybenzoate was prepared as a neutral stock solution in oxygen-free water under nitrogen gas and filtersterilized into a gassed sterile serum bottle. Enrichment cultures were started with 5-10 mM 2,3-dihydroxybenzoate as sole substrate in the presence of about 200 µM sodium dithionite as reducing agent. Correspondence to: B. Schink Isolation and cytological characterization. A binary mixed culture was obtained by repeated application of the agar shake culture method [15] . Gram staining was carried out according to [8] , flagella staining according to [2] . Growth tests were done in duplicate in 100-ml serum bottles with 50 ml culture under an N 2 /CO 2 Ϫ atmosphere. Samples were taken anoxically by syringe. Cultures for preparation of cell-free extracts were grown with 10 mM 2,3-dihydroxybenzoate, 1 mM acetate, 0.1% (wt/vol) of prefermented yeast extract (prefermented as a 5% wt/vol solution), and about 200 µM sodium dithionite.
Chemical analysis. Acetate was measured by gas chromatography [17] . Aromatic compounds were quantified by reversed-phase, highpressure liquid chromatography (HPLC) [4] . As the mobile phase, a mixture of 60% of an aqueous 100 mM ammonium phosphate solution, pH 2.6, and 40% methanol was used. The amount of protein was quantified by a variation of the biuret method with chemicals from Pierce (Rockford, IL, USA). Samples were mixed with the BCA Protein Assay Reagent and incubated for 30 min at a temperature of 60°C.
Comparison with the method of Bradford [3] showed no significant differences.
Cell harvesting and experiments with cell-free extracts. Cells were grown and refed repeatedly with 10 mM 2,3-dihydroxybenzoate. They were harvested by centrifugation under anoxic conditions and washed at least twice in 100 mM potassium phosphate buffer, pH 7.2. Cell-free extracts were prepared by disruption with a French Press and subsequent centrifugation at 12,000 g. For one experiment, the extract was fractionated further by high-speed centrifugation (30 min at 250,000 g). The pellet containing the membranes was washed in 100 mM potassium phosphate buffer, pH 7.2, and homogenized afterwards in the same buffer. Substrate degradation was followed in 5 ml Hungate tubes. Samples were taken by syringe and preserved with 100 mM H 3 PO 4 . In one experiment, 0.1 mg avidin per 0.1 mg protein was added.
All experiments were run at least in triplicate, with very little difference between the single runs.
Results
Enrichment and isolation. Enrichment cultures from marine sediments with 2,3-dihydroxybenzoate started substrate degradation and production of catechol after 2 weeks of incubation. 2,3-Dihydroxybenzoate was degraded in subcultures at a rate of about 1 mM per week; later, after several transfers, the rate increased to 5 mM per week. Catechol was never degraded further. Of these cultures, the culture Pesce23DHB was chosen for further investigation.
A freshwater enrichment culture from an anaerobic sewage sludge sample degraded 2,3-dihydroxybenzoate much more slowly (0.4 mM per week at maximum). The culture produced no aromatic products except acetate and small portions of methane. This culture was not characterized further because of its slow growth.
Characterization. After applying the agar shake dilution method on the enrichment culture Pesce23DHB, the resulting culture Pe23DHB contained two organisms. The predominant type was a spirilloid Gram-negative bacterium (Fig. 1 ) that decarboxylated 2,3-dihydroxybenzoate or 3,4-dihydroxybenzoate, with concomitant production of catechol. It was motile by one polar flagellum. The culture also contained very few long, rod-shaped bacteria that could not be removed by agar shake dilutions, although various alternative growth conditions were applied. The long rods made up less than 0.1% of the total biomass when grown in mineral medium with 2,3-dihydroxybenzoate (not visible in Fig. 1 ), but their number increased after addition of yeast extract or glucose.
Degradation of 2,3-dihydroxybenzoate and production of catechol are shown in Fig. 2 . Acetate was added as a potential co-substrate for cell matter formation but was not consumed to a substantial extent. The cell yield was determined by direct gravimetry in 2-L cultures, and varied between 1.2 and 1.8 g dry cell mass per mol 2,3-dihydroxybenzoate degraded.
Experiments with cell-free extracts. The decarboxylation of 2,3-dihydroxybenzoate could be observed also in cell-free extracts and reached a reaction rate of 0.46 µmol per min and mg protein, which was about five times higher than that in a growing culture (0.068 µmol per min and mg protein). A possible involvement of biotin in the reaction was checked for by measuring the effect of avidin on the turnover of 2,3-dihydroxybenzoate. As shown in Fig. 3 , the decarboxylation was not inhibited by avidin, suggesting that biotin was not involved in the reaction. NaCl was added at different concentrations (over a background concentration of 3 mM NaCl), but had no influence on the decrease of 2,3-dihydroxybenzoate in cell-free extracts. For localization of the decarboxylase activity, the cell-free extract was separated into a membrane and a cytosol fraction, and the turnover of 2,3-dihydroxybenzoate was measured in both fractions (Fig.  4) . The activity of the cytosol fraction (0.42 µmol per min) was about 20 times higher than that of the membrane fraction (0.021 µmol per min).
Discussion
In the present communication, we report on a binary mixed bacterial culture able to grow anaerobically by decarboxylation of 2,3-dihydroxybenzoate to catechol. Except for 2,3-dihydroxybenzoate and 3,4-dihydroxybenzoate, no other aromatic compound was decarboxylated, and growth with other substrates or substrate combinations could not be obtained. Growth with 2,3-dihydroxybenzoate was extremely slow, in accordance with the low energy change of the decarboxylation reaction in the range of ⌬G°' ϭ Ϫ20 kJ/mol (calculated, e.g., for decarboxylation of succinate to propionate [18] ). This energy change is not sufficient for the formation of 1 ATP by substrate level phosphorylation, for which a ⌬G°' of at least Ϫ70 kJ/mol is required [19] , but allows synthesis of only one-third of an ATP equivalent, the smallest amount of energy that can be exploited biochemically [16] . It has to be assumed, therefore, that energy is conserved by establishing an ion gradient across the cytoplasmic membrane rather than by conventional substrate level phosphorylation or electron transport phosphorylation processes.
In recent years numerous anaerobic bacteria were found that conserve the free energy of decarboxylation in this way. Propionigenium modestum [11] and Malonomonas rubra [10] convert the energy into a Na ϩ gradient by biotin-dependent, membrane-bound decarboxylases. The Na ϩ gradient is used as a driving force to generate ATP at a 3:1 ratio.
In the present study on decarboxylation of 2,3-dihydroxybenzoate, we found no indication of an influence of Na ϩ -ions on the reaction in cell-free extracts, and the observed localization of the decarboxylation activity in the cytosol fraction also argues against a membraneintegrated sodium ion-pumping enzyme. Moreover, avidin did not inhibit the decarboxylation, indicating that biotin is not involved in the reaction. Thus, no evidence was found for the existence of a biotin-dependent decarboxylase which, analogous to the decarboxylases of M. rubra and P. modestum, could establish a Na ϩ -gradient across the cytoplasmic membrane.
A different model for energy conservation by decarboxylation was proposed for Oxalobacter formigenes [1] , which grows by decarboxylation of oxalate to formate. Oxalobacter creates a proton gradient by means of an electrogenic oxalate/formate antiporter, thus creating a net proton gradient across the membrane that drives ATP synthesis. Such a mechanism of energy conservation through a secondary substrate/product transport system could underly energy conservation also in the dihydroxybenzoate-decarboxylating culture described here. Actually, the fact that cell-free extracts exhibited far higher substrate transformation rates than intact cell suspensions indicates that substrate transport was the rate-limiting step in intact cells and was perhaps connected with an energy-dependent process. However, since catechol should pass the membrane efficiently without specific transport, a secondary transport-dependent energy conservation system would depend only on substrate import, rendering the energy conservation rather inefficient, especially in the second half of a transformation process. This may explain the slow growth and low cell yields we obtained with the culture Pe23DHB.
We conclude that decarboxylation of 2,3-dihydroxybenzoate is coupled to energy conservation and growth in a new strain of strictly anaerobic bacteria, but that the mechanism of energy conservation in this organism is not yet understood.
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